Despite extensive imaging, a source of bleeding is often not evident during the evaluation of patients with superficial siderosis (SS) of the central nervous system. An intraspinal fluid-filled collection of variable dimensions is frequently seen on spine MR imaging in patients with idiopathic SS. A similar finding has also been reported in patients with craniospinal hypotension. This review discusses the role of multitechnique imaging in the work-up of patients with SS and focuses on recent developments.
S
uperficial siderosis (SS) of the central nervous system (CNS) results from hemosiderin deposition in the subpial layers of the brain and spinal cord. [1] [2] [3] [4] The hemosiderin deposition is a consequence of recurrent and persistent bleeding into the subarachnoid space. The ability of the brain to biosynthesize ferritin in response to prolonged contact with hemoglobin iron is important in the pathogenesis of SS. [4] [5] [6] [7] Accelerated ferritin synthesis in the Bergmann glia of the cerebellum may account for preferential cerebellar involvement. 5 The classic clinical presentation of SS includes adult-onset slowly progressive gait (less commonly appendicular) ataxia with cerebellar dysarthria and sensorineural hearing impairment. [1] [2] [3] The bleeding source may be not be detected despite extensive neuroimaging. Commonly performed investigations during the work-up of SS include MR imaging of the brain and spine, CT myelography, MR angiography, and cerebrospinal angiography. A prior history of trauma (at times trivial) or intradural surgery (commonly involving the posterior fossa) may be present. 2, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Often decades elapse between the presumed inciting event and the development of symptoms attributable to SS.
Brain MR imaging is the investigation of choice for the diagnosis of SS. 2, 3, 8, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] Before the advent of MR imaging, approximately 40 cases had been reported in the world literature. 32 The diagnosis of SS had largely been postmortem or made during surgical exploration. [32] [33] [34] With widespread use of MR imaging, presymptomatic cases are being diagnosed, and it is difficult to be certain about the true incidence of the disorder. 25 In vivo MR imaging and postmortem correlation have shown that the hemosiderin deposition around the brain, brain stem, and spinal cord is the cause of the characteristic hypointensity seen on T2-weighted MR imaging. 8 In recent years, an extra-arachnoid longitudinally extensive intraspinal fluid-filled collection has been frequently noted in patients with SS. 2, 3, [28] [29] [30] [31] 35, 36 A CT myelogram, dynamic CT myelogram, or digital substraction myelogram can identify a dural defect that connects the intrathecal space with the fluid-filled collection. 29, 35, 36 The precise mechanism of bleeding in these cases is unknown. Limited experience suggests that repair of the defect may be associated with clinical stability or improvement, resolution of the intraspinal fluidfilled collection, and resolution of CSF evidence of subarachnoid bleeding. 2, 28, 29, 31, 36 Some reports have also noted an association between SS and CSF hypovolemia and low-pressure headache. 30, 31, 35 CSF hypovolemia (craniospinal hypotension) is a disorder that is frequently associated with dural defects, occasionally with intraspinal fluid collection of variable longitudinal extent and rarely with red blood cells (RBCs) or xanthochromia in the CSF. [37] [38] [39] [40] The surgical treatment of SS depends on early identification of the bleeding source. Surgical excision of the offending lesion (neoplasm or vascular malformation or pseudomeningoceles) and repair of dural defects are logical therapeutic strategies.
This review discusses the role of neuroimaging in the diagnosis and management of SS and focuses on recent developments in the understanding of this disorder. All the images of patients with SS shown in this review are from patients seen at the Mayo Clinic, except for Fig 8E. 
MR Imaging and the Diagnosis of SS
In the early stages of SS, the findings are subtle and a high index of suspicion is necessary to establish a diagnosis. The T2 hypointensity follows the contours of the brain and spinal cord and may be easily missed (Figs 1AϪI; 2, 3A, -B; 4B, -E). Imaging of the entire neuraxis is indicated to localize a potential bleeding source. Gradient-echo T2-weighted images have a higher sensitivity for hemosiderin deposition (Fig 2A, -B) . The magnetic susceptibility effects of blood-degradation products such as ferritin and hemosiderin are also more pronounced at higher field strengths.
T2-weighted MR imaging shows a rim of hypointensity around the cerebellum (Fig 1A, -B ) and brain stem ( Fig  1CϪE) . The marginal T2 hypointensity may also involve the Sylvian fissure (Fig 1F) , interhemispheric fissure (Fig 1G) , and cortical sulci (Fig 1H) . The superior vermis, quadrigeminal plate, and basal cerebral surface are preferentially affected by the marginal T2 hypointensity. Hemosiderin deposition may also be seen along cranial nerves II, V, VII, and VIII (Fig 1I) . The peripheral nervous system is not involved in SS. There is a sharp cutoff in the spinal roots and cranial nerves at the junction between the peripheral Schwann cell segment and the central glial segment. 41 Cerebellar atrophy is often present, and the superior vermis and anterior cerebellar hemispheres may be preferentially involved by the atrophy (Fig 1J) . The gliosis and neuronal loss associated with hemosiderin deposi-tion may result in increased signal intensity from the adjacent cerebellar tissue. 22, 26 Alternatively, it may be only an apparent increase due to the overlying hypointensity. Rarely, a hyperintense rim may be seen on T2-weighted imaging. 26 This may be due to methemoglobin and represents a recent episode of subarachnoid hemorrhage.
Hemosiderin deposition is commonly seen around the spinal cord (Fig 3A, -B) . Spinal cord atrophy is common (Fig 3A) .
There may be peripheralization (Fig 3C) or clumping (Fig 3D; also seen on a CT myelogram in Fig 3E) of the nerve roots due to chronic subarachnoid bleedingϪrelated arachnoiditis. Blood accumulation with reactive changes in the cul-de-sac may give the mistaken impression of a tumor (Fig 3F) . 3 The leptomeninges in SS are fibrotic, thickened, and have hemosiderin-laden macrophages. 42 Very rarely, increased signal intensity due to presumed calcification at sites of hemosiderin deposition may be seen on the cord surface on a noncontrast T1-weighted MR imaging (shown on a CT scan in Fig 5C) .
An indirect clue to the etiology of SS may be evident on MR imaging. A fluid-filled intraspinal cavity of variable dimension is often seen (Fig 4A, -C1 Fig 10A) . 2, 3, [28] [29] [30] [31] 35, 36 Rarely the fluid-filled cavity may be intracranial (Fig 4B) . 43 These localized fluidfilled cavities have been variably referred to as meningoceles, pseudomeningoceles, diverticula, pseudoencephalocele, epidural cyst, or simply as "fluid collections." Nerve root avulsions, often in association with brachial plexus injury and pseudomeningoceles, are a commonly reported association. 2, 10, 11, 14, 17, 27, 44 An interruption in the circumferential hypointensity on axial T2-weighted MR imaging may indicate root avulsion and is possibly due to absence of the pia mater at the avulsion site ( Fig 8A; also seen on a CT myelogram in Fig  10C) . 27 Evidence of bony injury ( Fig 8C; also seen on the CT scan in Fig 10B) , myelomalacia (Fig 8D) , or cord tethering ( Fig  4F) may also be present. The other identified sources of bleeding in patients with SS have typically included neoplasms and vascular malformations. Cerebral amyloid angiopathy may also be associated with evidence of hemosiderin deposition similar to that seen in SS (Fig 8E) . 45 In a 1995 survey of the reported SS cases in the world literature, an underlying cause was identified in 34 of 63 cases.
1 A dural pathology was found in 47%. This included CSF cavity lesions (such as meningocele, pseudomeningocele, pseudoencephalocele, a cavity remaining after a hemispherectomy, and chronic suboccipital hematoma) or root pathology (such as root avulsion or epidural cyst). Tumors such as ependymoma, meningioma, oligodendroglioma, pineocytoma, and paragan- glioma were seen in 35%, and vascular abnormalities such as arteriovenous malformation or aneurysm, in 18%. In a recently reported single-institution series of 30 patients, a fluidfilled collection was seen on MR imaging in 14.
2 In 4 of these, the collection was fairly localized and suggested the possibility of a meningocele or pseudomeningocele. Longitudinally extensive fluid-filled collections were seen in the others and are a recently identified association of SS. 2, 3, [28] [29] [30] [31] 36 Clinical or electrophysiologic evidence of lower motor neuron involvement is rare in SS but has been described and may be due to arachnoiditis or radiculopathy; the latter may result from stretching of nerve roots by intraspinal cysts. 17, [46] [47] [48] [49] Some patients with SS and intraspinal fluid-filled collections may have diffuse pachymeningeal enhancement on postcontrast MR imaging (Fig 5A, -B) . 30, 31 This is identical to the pachymeningeal enhancement seen in patients with craniospinal hypotension, a condition also associated with intraspinal fluid-filled collections (Fig 9AϪC1) . 38 The cause of intracranial pachymeningeal enhancement in craniospinal hypotension is believed to be vascular dilation within the dura mater rather than meningeal inflammation. [50] [51] [52] A similar mechanism is likely operative in those patients with SS who have a dural defect and an intraspinal fluid-filled collection. Craniospinal hypotension may be associated with RBCs in the CSF. RBCs in the CSF are a defining feature of SS. The presence of RBCs in the CSF in both conditions may be due to a similar mechanism. The longitudinal fluid-filled intraspinal collection can resolve with repair of the dural defect (Fig 6A1 and  A2, B1 and B2) .
CT, Postmyelogram CT, and Dynamic CT Myelogram
Although the head or spine CT findings are generally unremarkable, cerebellar atrophy or a clue to the potential etiology of the SS may be evident. 53, 54 Postcontrast CT in SS has rarely been associated with widespread meningeal enhancement. 55 Evidence of bony injury due to prior trauma, if present, may be better seen on CT than on MR imaging (Fig 10B) . Rarely, a hyperattenuated rim due to calcification at sites of hemosiderin deposition around the brain stem may be seen on CT ( Fig  5C) . 22 Dural diverticula, pseudomeningoceles, root avulsions, and associated dural defects are best characterized on myelography, CT myelography, or dynamic CT myelography ( Fig  10C, -D, E1 and E2, F1 and F2) . CT myelography may also show clumping of nerve roots as evidence of SS-related arachnoiditis (Fig 3E) . Recent reports have also noted calcified disk protrusions adjacent to dural tears in patients with SS ( Fig 7B1  and B2, Fig 10E2; also seen on MR imaging in Fig 7A1 and A2) or low-pressure headache (Fig 10F2) . 31, 35, 36 CT myelography may show these abnormalities even when the MR imaging findings are unrevealing. 2 A CT myelogram can also be used to identify the site of leak in those patients with SS who have a longitudinally extensive fluid-filled intraspinal collection and a suspected dural tear. A limitation of the study is its poor temporal resolution. During the time between intrathecal contrast injection under fluoroscopy and acquisition of the CT images, there occurs equilibration of contrast between the intradural and extradural CSF collections. This is particularly true with large defects or multiple defects or high-flow leaks. Dynamic CT myelography by using multidetector CT and a workstation capable of producing multiplanar reconstructions provides sufficient temporal and spatial resolution and can overcome the limitation seen with routine myelography or routine myelography with delayed CT imaging directed at detecting slow-flow leaks. The technique of dynamic CT myelography was introduced for detection of leaks in patients with spontaneous intracranial hypotension. 56 More recently, it has been used to identify dural defects connecting the intrathecal space with the intraspinal fluid-filled collection seen in patients with SS ( Fig 10D, E1 and E2) or low-pressure headache (Fig 10F1) . 29 
Angiography
Cerebral and spinal angiography are commonly undertaken investigations directed at finding an occult source of bleeding. These are generally unrewarding. This may be due to the slow and intermittent nature of the bleeding. Further vascular malformations as a cause of chronic bleeding in SS are rare. The detection of a vascular malformation during the work-up of a patient with SS does not necessarily mean that the aneurysm or arteriovenous anomaly is the source of bleeding. This is particularly so for incidentally detected venous angiomas or unruptured aneurysms. Progression despite resection of an arteriovenous fistula has also been reported. 2 Vascular malformations that have been reported in association with SS include cerebral arteriovenous malformations (AVMs), spinal AVMs, spinal arteriovenous fistula, aneurysms, and cavernous malformations. 9, 16, 25, 33, [57] [58] [59] [60] Certain findings during neuroimaging in SS may mistakenly suggest the possibility of an underlying vascular malformation as a possible cause of chronic bleeding and prompt consideration of investigations like MR or conventional angiography. 28 These include enhancement of the pial surface of the cord on postgadolinium MR imaging suggestive of prominent vessels (Fig 11A1, -A2) or the presence of a prominent vessel or a CT myelogram (Fig 11B) . The pathophysiology of the prominent vessels without vascular malformations seen during the work-up of SS is unknown. It has been suggested that the pial siderosis may contribute to sclerosis of the epidural plexus of veins, leading to venous hypertension. 28 The more recently reported association between SS and CSF hypovolemia has raised the speculation that the increased CSF erythrocytes in SS could be because of intradural vascular engorgement that accompanies CSF hypotension. 31, 40 Imaging evidence of engorgement of intradural and epidural veins may be seen with CSF hypovolemia (Fig 9C2 and C3) . 40, 61 Awareness of these associations in SS is important because it may obviate angiography.
Other Potential Techniques
Gadolinium-enhanced MR myelography and MR cisternography (MR imaging after intrathecal introduction of gadolinium) are additional techniques that have been used to improve Fig 8. A, Axial T2-weighted MR image shows interruption of the rim of hypointensity around the spinal cord at the site of root avulsion. The interruption is likely due to the absence of the spinal cord pia mater at the site of root avulsion. B, C7 to T1 pseudomeningocele due to root avulsion seen on a cervical myelogram (same patient as the one shown in Fig 8A) . C, T2-weighted sagittal cervical spine MR image from a patient with SS shows evidence of a prior odontoid fracture (same patient as the one shown in Fig 10C) . D, Sagittal T2-weighted cervical spine MR image from a patient with SS shows an intramedullary T2 hypointensity due to myelomalacia secondary to prior trauma. E, T2* MR image from a patient with cerebral amyloid angiopathy shows a right frontal intracerebral hemorrhage (thick arrow) and hemosiderin deposition similar to that seen in superficial siderosis (thin arrows). C reprinted with permission from Kumar 
and a T5-6 disk extrusion (black arrowhead) that displaces the dura (white arrowhead) posteriorly. B1 and B2, Corresponding sagittal (reformatted) (B1) and axial (B2) postmyelography CT images demonstrate opacification of the ventral epidural fluid by intrathecal contrast to the same degree as the CSF, thus confirming an active leak. Note partial calcification of the disk (black arrowhead) and the presence of a subarachnoid clot (black arrow). C, Lateral view of the thoracic spine acquired during digital substraction myelography with the patient in the prone position. Note cephalad extension of the contrast in the thecal sac (black arrowhead), focal extravasation of the contrast through a ventral dural tear at T5-6 (white arrow) into the epidural collection (black arrow), and onward cephalad extension in the epidural fluid collection. The asterisk indicates increased attenuation of the contrast because of the smaller volume of the epidural space compared with the subarachnoid space. In this patient, a ventral dural tear at T5-6 was surgically repaired, and a thoracic spine MR imaging performed 3 months later showed resolution of the ventral epidural fluid collection. 36 Adapted with permission from J.M. Hoxworth. 36 the detection of CSF leaks. 62, 63 Also reported is digital subtraction cisternography to identify intracranial CSF fistulas and digital substraction myelography to identify a dural tear in a patient with a cervical postoperative pseudomeningocele. [64] [65] [66] In an isolated report, digital substraction myelography has been used to identify the site of a leak in a patient with SS and a cervicothoracic epidural fluid collection (Fig 7C) .
36
Conclusions SS of the CNS is caused by chronic hemorrhage into the subarachnoid space. A clinical history of subarachnoid hemorrhage is often not present. This recurrent or persistent bleeding results in hemosiderin deposition in the subpial layers of the brain and spinal cord. The clinical presentation closely mimics a degenerative cerebellar disorder. A history of prior injury or intradural surgery is common. A potential source of bleeding should be carefully investigated by imaging the entire neuraxis. Despite extensive imaging, a source of bleeding is often not evident. MR imaging shows the characteristic marginal T2 hypointensity around the brain stem, cerebellum, and spinal cord and may also provide a clue to the possible etiology. Due to widespread use of MR imaging, SS is being increasingly recognized. A fluid-filled collection of variable dimensions is often seen on spine MR images or CT myelograms in patients with or without a prior history of injury or surgery. With longitudinally extensive collections, a CT myelogram may help localize the defect and direct the site of laminectomy. With large defects and high-flow leaks, a dynamic CT myelogram or digital substraction myelography may be needed to identify the dural defect. Dynamic CT myelography and digital substraction myelography are invasive techniques that are time-intensive and need a higher radiation dose. They should be used in carefully selected patients, and further research is needed to define their role in clinical practice. Surgical correc Fig 9. A, Sagittal T2-weighted cervicothoracic spine MR image from a patient with intracranial hypotension shows a ventral extradural collection from C6 to T2 (arrowhead), which is isointense with CSF on all imaging sequences. B, Axial T2-weighted gradient-echo MR image at C6 -7 in a patient with intracranial hypotension shows a ventral extradural fluid collection separated from the thecal sac by a hypointense dura (arrows). A and B adapted with permission from B.M. Rabin.
38 C1ϪC3, A patient with craniospinal hypotension who had an epidural pseudomeningocele caused by a CSF leak at T8. C1, Axial CT myelogram of the thoracic spine shows the dura marginating an epidural pseudomeningocele (black arrow). C2, Coronal reformatted CT myelogram of the thoracic spine shows a tortuous dilated posterior thoracic spinal vein (black arrow), reminiscent of a dural arteriovenous fistula, and dura (arrowheads) separating intradural and epidural CSF. C3, Contrast-enhanced axial CT scan shows a dilated cervical epidural venous plexus. C1ϪC3 adapted with permission from J.L. Ulmer. Fig 8C) . D, Dynamic CT myelogram from a patient with SS and a cervicothoracic epidural fluid-filled collection shows leakage of contrast through a dural tear at T1-2. 29 E1, Dynamic CT myelogram shows leakage of contrast (arrow); the dotted arrow points to the intrathecal contrast. E2, Dynamic CT myelogram shows calcified disk protrusion immediately caudal to the dural defect shown in E; the dotted arrow points to intrathecal contrast. This patient (E1 and E2) had diffuse pachymeningeal enhancement, a cervicothoracic epidural fluid collection, and CSF RBCs and xanthochromia, all of which resolved after repair of a dural defect identified at T7-8. tion of the cause of bleeding is a logical therapeutic strategy and holds promise for arresting disease progression. The relationship between SS and spontaneous craniospinal hypotension is of interest, but the precise mechanism of bleeding in patients with SS who have dural tears and intraspinal fluid collections is unknown.
